The rollout of hydrogen fueling stations, and the fuel cell electric vehicles (FCEV) they support, requires the assurance of high quality hydrogen at the dispensing point. Automotive fuel cells are sensitive to a number of chemicals that can be introduced into the dispensed fuel at multiple points. Quality assurance and quality control methods are employed by the industry to ensure product quality, but they are not completely comprehensive and can fail at various points in the hydrogen pathway from production to dispensing. This reality leaves open the possibility of a station unknowingly dispensing harmful contaminants to a FCEV which, depending on the contaminant, may not be discovered until the FCEV is irreparably damaged. This situation is unacceptable.
Executive Summary
The rollout of hydrogen fueling stations, and the fuel cell electric vehicles (FCEV) they support, requires the assurance of high quality hydrogen at the dispensing point. Automotive fuel cells are sensitive to a number of chemicals that can be introduced into the dispensed fuel at multiple points. Quality assurance and quality control methods are employed by the industry to ensure product quality, but they are not completely comprehensive and can fail at various points in the hydrogen pathway from production to dispensing. This reality leaves open the possibility of a station unknowingly dispensing harmful contaminants to a FCEV which, depending on the contaminant, may not be discovered until the FCEV is irreparably damaged. This situation is unacceptable.
A hydrogen contaminant detector (HCD), defined as a combination of a gas analyzer and the components necessary for fuel stream integration, installed at hydrogen stations is one method for preventing poor quality gas from reaching an FCEV. This document identifies the characteristics required of such a device by industry and compares those requirements with the current state of commercially available gas analysis technology.
Near term engineering requirements are presented. The requirements, developed with input from a wide array of stakeholders, specify a device with capital and operating expenditures costing less than 1% of total station costs, capable of detecting carbon monoxide, water, ammonia, and sulfur at one order of magnitude above SAE International (SAE) J2719 levels (ppbv-ppmv range). It is impractical to expect a near term HCD to be able to detect all contaminants listed in SAE J2719. Device capital cost should be less than $5,000 at high volumes (>1,000 units) and annual operating costs should be less than $1,000. The device should be integrated just upstream of the dispenser to include the greatest number of contaminant sources possible. Because the pressure used in stations is up to 900 bar, the HCD must employ a pressure reducer and slip stream for sampling. Gas analysis and reporting should occur within the time of a fill and the results should indicate to a station operator whether the gas is of the required quality or not. Routine maintenance and operation of the device should not require a highly specialized technician, and any routine maintenance should not be required more frequently than every 6 months.
The market survey incorporated responses from 10 companies that manufacture analytical equipment to an HCD survey developed for this project with information from previous studies and international workshops related to hydrogen quality. Gas chromatography, mass spectrometry, Fourier transform infrared spectroscopy, non-dispersive infrared spectroscopy, laser absorption, continuous wave cavity ring down spectroscopy, and concentrator technologies were investigated for detection abilities, cost, availability, and ambient and sampling requirements. Survey responses indicated that current technology is capable of detecting contaminants at lower levels than the requirements specified in SAE J2719. Capital costs ranged from $10,000 to $90,000, while operating costs ranged from $0 to $4,000. The required maintenance varied from annually with the cavity ring down technology to daily with the Fourier transform infrared technology. The cavity ring down technology specified a sampling and analysis time of 1 second, which was the fastest response time identified in this survey. The concentrator coupled with mass spectrometry specified the longest at 15 minutes.
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The gaps between what is currently available and what is required are identified. A House of Quality diagram is provided showing comparisons between the most promising technologies and correlations between customer requests and engineering requirements. As observed, no current technology meets all of the requirements for an HCD, as defined here. The largest gaps are costs, robustness, skill level needed to operate HCDs, and field validation. This is expected, as the need for such a device is evolving and existing gas analysis technologies are generally designed for a laboratory setting that requires specially trained operators. Research into a promising nontraditional gas analysis technology is currently underway at the Los Alamos National Laboratory, where an HCD based on a surrogate fuel cell is being developed. This device has the potential to indicate the presence of impurities in a hydrogen stream, but it is not yet ready for commercial deployment. 
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Introduction
It is critical that stations deliver high purity hydrogen to fuel cell electric vehicle (FCEV) customers to prevent negative impacts on the vehicles. The equipment along the production and dispensing pathway can affect the purity of automotive fuel cell grade hydrogen. Potential contaminant sources include production equipment, transportation equipment, storage tanks, compressors, chillers, station piping, and the dispensing hose. Each of these sources can introduce different contaminants into the fuel stream. Each station may be subject to different contaminant sources depending on the configuration and fuel source. The types of contaminants and concentration in the dispensed hydrogen have drastically different effects on fuel cell performance. While there may be individual contracts between gas suppliers and station owners, there is no overall agreement on who is responsible for fuel quality throughout the production to dispensing pathway. All of these elements combine to make it challenging to guarantee high purity fuel is dispensed to customers.
Published standards, such as Compressed Gas Association (CGA) G-5. The equipment used to validate fuel quality to SAE J2719 levels must be sophisticated. They must be able to function in a hydrogen matrix and detect and quantify regulated contaminants present at ppmv-ppbv concentrations. ASTM International methods for measuring these contaminants at the required levels (e.g., D7649, D7652, D5466) do exist currently, though this analysis is further complicated when more than one contaminant is present. Detecting and quantifying all of the regulated contaminants requires multiple gas analysis technologies. Techniques such as mass spectrometry, gas chromatography, and Fourier transform infrared spectroscopy are used to measure contaminants in hydrogen to SAE J2719 levels. This equipment is expensive, must be operated in a controlled laboratory setting, and requires specially trained operators and frequent calibration and maintenance [4] .
The current fuel quality verification process, based on sporadic collection of gas samples using ASTM methods (i.e., D7650 and D7606) and remote analysis at a testing laboratory, leaves a significant gap during which poor quality fuel could be dispensed to an FCEV and possibly irreparably damage the fuel cell stack. Currently, fuel quality tests on California stations are performed upon station commissioning, in the event of a dispute, or as mandated by the State. Fuel quality analysis results for a number of stations are collected anonymously through the National Renewable Energy Laboratory's (NREL's) National Fuel Cell Technology Evaluation Center. The data show that contaminated hydrogen has been detected numerous times through sampling. In more than one instance, contaminated hydrogen was identified after it was dispensed to FCEVs. Reduced performance in specific FCEVs was used to trace the contaminated fuel to a specific station.
The current contamination and prevention strategy must be improved to a more robust method. More frequent sampling and well-defined QA/QC measures are necessary to protect FCEV customers from fuel contaminants. A hydrogen contaminant detector (HCD) that monitors conditions of the fuel stream on a per-fill frequency and alerts station operators when poor quality hydrogen is detected is a good solution for preventing exposure of the FCEV to contaminants. However, in the near term, integrating an HCD into a station faces the barriers of technology availability, system integration, cost, and performance.
This document defines an initial set of engineering requirements for such an HCD using input from station operators, gas producers, state agencies, and vehicle manufacturers. 
Hydrogen Contaminant Detector Requirements
The requirements developed in this document are not meant for a device that certifies or validates fuel quality compliance set forth by the State of California or SAE J2719. The intention is to define requirements for an onsite device that can prevent poor quality fuel (such as from a process upset) from being delivered to an FCEV customer. This is critical to maintaining a positive experience for FCEV customers, vehicle original equipment manufacturers (OEMs), and station owners. Table 1 lists contaminants and their concentration limits specified by SAE J2719 and by two other applicable fuel quality standards: CGA 5.3 Commodity Specification for Hydrogen and ISO 14687-2 Hydrogen fuel -Product specification -Part 2: Proton exchange membrane fuel cell applications for road vehicles. SAE J2719 applies in the United States and has been harmonized with ISO 14687-2. An onsite HCD that detects all contaminants listed in at the required levels is not feasible in the near term. Verification of contaminant concentration levels specified at these levels requires expensive laboratory gas analysis techniques and specialized equipment that are not easily operated or transported into the field. To reduce costs and improve ease of integration, an HCD for the near term needs to target a subset of these contaminants or conditions based on their impacts and likelihood considering production and delivery pathways. 2 ), and mercaptans. c Includes, for example, hydrogen bromide (HBr), hydrogen chloride (HCl), chlorine (Cl 2 ), and organic halides (R-X). d Includes, for example, ethylene, propylene, acetylene, benzene, phenol (paraffins, olefins, aromatic compounds, alcohols, aldehydes). Total hydrocarbon content may exceed 2 micromoles per mole due only to the presence of methane, in which case the summation of methane, nitrogen, and argon is not to exceed 100 ppm.
A U.S. Department of Energy (DOE) Hydrogen Contamination Detector workshop in June 2014 [5] brought together vehicle manufacturers, gas companies, station builders/operators, and a select group of gas analyzer manufacturers. The participants expressed great interest in a near term (0-2 years) solution for an onsite HCD that can alert station operators if poor quality hydrogen is present in the station, but they emphasized that it should be part of a larger fuel quality system that includes QA/QC measures. Further input from these groups, as well as from experts at national laboratories and hydrogen producers, was used to refine the requirements for an HCD to three categories: (1) environmental, (2) performance, and (3) cost.
Environmental requirements are ambient conditions and gas sample conditions, such as pressure and temperature, in which the HCD must reliably perform. Performance requirements specify which contaminants are detected, at what concentrations, how often sampling is done, and how a positive detection is handled. Lastly, cost requirements reflect the capital and operational costs as well as time and personnel required to operate the device successfully. Each of these categories offers a set of trade-offs that must be evaluated on a case-by-case basis.
Environmental Requirements
Environmental requirements are primarily driven by the HCD's sampling location within a station. Three locations were identified where an HCD could most effectively sample and analyze hydrogen: (1) immediately downstream of the gas source, (2) in between some system components, and (3) immediately upstream of the fueling nozzle. Figure 1 illustrates the possible locations that have been identified for HCD integration. Ideally, an HCD would be located downstream of the fueling nozzle to verify the presence of any contaminant source at the fueling station. Locating the detector here would require modifying the fueling nozzle or putting the detector in an FCEV, both of which, when reviewed by stakeholders in the hydrogen community, were deemed unfeasible in the near term. A survey of the HFSWG of H2USA (results shown in Figure 2 ) reflects a more realistic preference just upstream of the dispenser. The responses from the HFSWG represent the opinions of vehicle OEMs, station providers, independent gas companys (IGCs), and national laboratory researchers. Additional responses from the H2FIRST HCD group, which consists of California state agency representatives and additional industry members, corroborate these results. 
Location 3
An HCD installed directly upstream of the dispenser (Location 3) would capture contaminants from all system components except the dispenser piping, hose, and fueling nozzle. Location 3 is especially beneficial because station configurations vary. Locating the HCD downstream of most of the major components allows for nearly comprehensive detection before fuel is dispensed to an FCEV regardless of station configuration. Detection of poor quality fuel would necessitate further investigation by the station operator as any of the upstream components may be responsible. The extreme pressure and temperatures of hydrogen at this point necessitate a robust detector, as gas pressures can reach 900 bar and temperatures can be −40°C under normal conditions.
Location 2
The temperature requirement could be relaxed if the HCD were installed between upstream station components. In general, two choices exist: before the chiller and after the compressor. An HCD installed before the chiller (condensing unit and heat exchanger) at Location 2 would not significantly compromise contaminant detection because the chiller is a closed loop system where the hydrogen is constantly isolated from the refrigerant and therefore not a high risk component for fuel stream contamination. The detection of any contaminant would still require looking into most of the station components to identify the source. Installing the HCD immediately after the compressor discharge would allow for detection as gas is put into storage. This could be potentially beneficial if storage banks are filled individually (positive contaminant detection would only require purging the current bank instead of all storage). It would also limit the possible contaminant sources to the compressor and gas source. Compressor discharge gas may be subject to pressure spikes and high temperatures imposing an extra burden on HCD integration.
Location 1
Another option is to install the detector just downstream of the gas source at Location 1. The gas source could be from onsite hydrogen production, pipeline, or truck delivery. 1 An HCD installed at Location 1 would be subject to relaxed pressure and temperature requirements. It would detect contaminants in the hydrogen as it is produced or delivered, but it would not detect any contaminants introduced by other system components such as storage or compression. Upfront detection is beneficial because hydrogen will be distributed from the source to a larger onsite storage vessel of presumably pure hydrogen where any contaminants, if present, will be diluted. If the contaminants are detected early enough, it is possible that the rest of the hydrogen stored onsite will still be of high enough purity. Some participants in the DOE HCD workshop expressed that Location 1 was the most preferred because it minimizes the chance of false positive detections, though it is unclear how this would be the case.
Ambient temperature requirements for a near term HCD are dictated by climate. A detector installed in a Southern California location, such as San Bernardino, will experience ambient temperatures of up to 43°C, while a detector installed at a station in Lake Tahoe will experience temperatures down to −34°C. These maximum and minimum temperatures are highly variable depending on the location. An overall range is provided, but a reduced range is more likely once the location is identified. The environmental requirements for detectors in these locations are given in Table 2 . Process pressure (bar) <300 <900 <900
Process temperature (°C) −20 < T < 100 −20 < T < 100 −40 < T Ambient temperature (°C) −35 < T < 45
Performance Requirements
The purpose of an HCD is to monitor for poor quality hydrogen and alert the station operator. The performance requirements of the HCD are two-fold: (1) quantify what constitutes poor quality hydrogen and (2) alert the station operator in a reasonable time. Input from industry stakeholders was solicited for this section. All feedback was considered, but vehicle OEMs and gas producers were targeted for feedback on prioritized contaminants and their concentrations and frequency of analysis. Station operators were targeted for feedback on station integration and operator interface. It is impractical to expect a near term HCD to be able to detect all contaminants listed in SAE J2719. To our knowledge, only two labs in the world are currently capable of a full SAE J2719 analysis. Narrowing down the SAE list of contaminants using a risk-based approach is critical to defining an achievable device. This section explains the process undertaken in defining the performance requirements for a near term HCD.
The hydrogen source (i.e., method of production) plays a major role in determining which contaminants are present. Therefore, the contaminants required to be detected are, to a large extent, specific to station configuration. Input from the California Air Resources Board (CARB), CDFA DMS, SAE J2719 Committee members, vehicle OEMs, and national labs was used to narrow the focus of a near term HCD to the top four hydrogen pathways and top four contaminants. The top four pathways constitute 96% of near term station construction in California. Near term station configurations provided by CARB on hydrogen pathways for the 53-station network expected in 2016, provided in Table 3 , show that delivered hydrogen is the most common, followed by onsite production via polymer electrolyte membrane (PEM) electrolysis, and onsite production via steam methane reformation (SMR). For the considered stations, delivered and onsite production of hydrogen will be produced from one of two processes, SMR or PEM electrolysis. The likelihood of contamination and the types of contaminants present differ based on the method of production. SMR involves heating hydrocarbons in the presence of a catalyst, then using a water-gas shift reaction and pressure swing adsorption or palladium separation on the process stream. Each stage must be monitored for abnormal conditions that may increase the possibility of likely contaminants (e.g., carbon monoxide, carbon dioxide, and sulfur). PEM electrolysis uses water as a feedstock and electrochemically separates the hydrogen and oxygen using a membrane. The hydrogen product stream must be monitored for the most likely contaminant, water.
Delivered hydrogen and hydrogen produced onsite should also be considered separately. Delivered hydrogen will typically be produced from a large industrial SMR process with current production facilities having well-established QA/QC practices. Gaseous hydrogen is delivered to the station to a certification specified by the gas delivery company (e.g., CGA G-5.3). Liquid hydrogen is considered the least likely to be contaminated as the process of converting the hydrogen to cryogenic temperatures removes a large portion of the contaminants. Hydrogen produced onsite relies on small scale process controls and the knowledge of the individual station operator to prevent process upsets and maintain good quality hydrogen.
A basic understanding of the possible contaminants and their sources can be seen in Table 4 , which was reproduced from a scientific review of PEM contaminants [6] . The SAE J2719 Committee is currently developing J2719/1, an addition to the J2719 standard that includes tables identifying which contaminants could potentially come from certain production techniques, process upsets, and maintenance activities, the first of which is shown below in Figure 3 . This and the other tables in SAE J2719/1 are a work in progress and shared here only for reference purposes. n/a n/a n/a n/a n/a n/a n/a n/a Sodium Ions Na+ n/a n/a (3) n/a n/a n/a n/a n/a n/a Total Hydrocarbons THC X X X X X X X X n/a Oxygen O 2 X n/a n/a (1) (1) (1) (1) n/a n/a Helium He n/a n/a n/a (1) 
),(2) (1),(2) (1),(2) (1),(2) (2) (2) Carbon Monoxide
CO n/a n/a n/a (1) (1) n/a n/a n/a n/a Sulfur S X X X X X X X X n/a Formaldehyde HCHO n/a n/a n/a n/a (1) n/a n/a n/a n/a Formic Acid HCOOH n/a n/a n/a n/a (1) n/a n/a n/a n/a Ammonia NH 3 n/a n/a n/a (1) (1) n/a n/a n/a n/a Total Halogenates n/a n/a X n/a n/a n/a n/a n/a n/a Particulates X X X X X X X X n/a Notes: X Likely to occur if there is a fault or contamination, should always be tested.
(1) These contaminants need not be tested if compliance data/documentation is available for the output of the purification stage or with a product delivery.
(2) Contamination is likely to occur after commissioning/maintenance and is expected to diminish with use.
These contaminants need to be tested if the water limit is not exceeded. The likelihood of a particular contaminant's presence and system impact must be considered together when identifying which contaminants to target for the HCD. As shown in Figure 3 , water, total hydrocarbons, nitrogen, carbon dioxide, sulfur, and hydrocarbons are a risk in all gaseous scenarios, though the impact of these impurities on a fuel cell varies. Electrode kinetics, conductivity, and mass transfer are three fundamental mechanisms of PEM fuel cell membrane electrode assembly operation affected by contaminants [6] . Some contaminants, such as water and nitrogen, have temporary effects on fuel cell performance that can be reversed. Others such as hydrocarbons and sulfur permanently modify the chemistry of the fuel cell and may necessitate a replacement stack. Figure 4 categorizes select contaminants according to their impact and ease of detection. The top five contaminants were chosen from information regarding contaminant likelihood from SAE J2719/1 and field data collected through NREL's National Fuel Cell Technology Evaluation Center, combined with information from scientific literature [6, 7] on contaminant impacts on fuel cells and vehicle OEM feedback.
Two detector categories are defined for delivered hydrogen: (1) hydrogen produced from onsite natural gas SMR and (2) hydrogen produced from onsite PEM water electrolysis. The contaminants chosen, shown in Table 5 , do not necessarily address all possible contaminants, such as those from compression or storage. They are a prioritized set extracted from SAE J2719 based on input from stakeholders and literature. Prioritization was driven by the impact of the contaminants on the fuel cell and the likelihood of contaminant presence based on feedback from hydrogen producers, station developers, and discussions with the SAE J2719 Committee. In Table 5 , a dash implies that the indicated contaminant is unlikely to be present for hydrogen produced by the indicated method. Water, due to its ubiquitous presence, was chosen as a critical contaminant for both SMR and water electrolysis. Water can affect the fuel cell anode negatively by blocking reaction sites on the catalyst. This can lead to corrosion of the anode catalyst support and a permanent reduction in fuel cell performance and lifetime. The concentration level of water specified here is one order of magnitude above SAE J2719 limits. Appendix B of SAE J2719 indicates that PEM fuel cells can tolerate excessive water (>500 ppm), but other elements of the system, such as valves and sensors, may suffer due to freezing effects. The combination of an HCD that monitors for 50 ppm water and QC for commercial electrolysis equipment that monitors the hydrogen product to 5 ppm for onsite equipment will provide protection to both the station and FCEVs from water contamination.
Carbon monoxide, sulfur, and ammonia were chosen for SMR stations because they are the most likely to result from a process upset and have extreme, often irreversible impacts on PEM fuel cells. The concentration levels specified are one order of magnitude above SAE J2719 levels. The levels for these three contaminants are the lowest in the specification and thus present a significant detection challenge, yet their effects on PEM fuel cell performance and lifetime are so detrimental that this level of detection is necessary.
Hydrocarbons were specifically mentioned by an industry representative as important. They could be present in any type of station and could result from multiple station components. The effects of simple hydrocarbons have been shown to be minor when compared with carbon monoxide, sulfur, and ammonia [7] . More complex molecules, such as formic acid or formaldehyde, show larger impacts, yet they are not as likely to be present as simple hydrocarbons such as methane.
The remaining contaminants in SAE J2719 are critical to fuel quality and should not be totally neglected. They were not included in this initial set of requirements for the HCD because of their low likelihood of occurrence or less harmful impact on fuel cell performance and lifetime. Detection time, composed of the time to take a sample, perform analysis, and report the results, is another critical characteristic of an HCD. When operating, the detector should sample, analyze, and report rapidly, though the location of installation will dictate the operating time requirements. A detector installed at Location 1 will only detect contaminants introduced by the delivered gas or gas produced onsite and therefore should only operate when either of these actions is taking place. A detector between station components at Location 2 should operate when the station element it is monitoring, a compressor for instance, is operating. If the detector is installed at Location 3, it should provide analysis on a per-fill basis because there are multiple elements that could introduce contaminants each time gas flows and the gas is being directly distributed to a vehicle. This detector could be required to provide results greater than 40 times per day on near term stations. The HFSWG of H2USA was polled on general operating time requirements. The desired response times and operating frequency from the HFSWG are summarized in Figure 5 and Figure 6 . 
Cost Requirements
There are two elements to consider in the cost of an HCD: (1) the capital cost required to purchase the device and (2) the operational costs required to keep the device performing to specification. Due to the nature of current gas analysis technology, operational cost could make up a considerable portion of the overall costs. System calibration, maintenance, and troubleshooting can require a lot of time and resources. Often specialty items, such as ultra-pure calibration gas, are necessary. A trained technician may be required to operate and maintain the device as it currently exists. The HFSWG was surveyed for allowable installed and annual operating costs of an HCD. The results are shown in Figure 7 and Figure 8 . An overall device cost, including capital and operational expenditures, of less than 1% of total station costs was concluded from the DOE HCD workshop. If a station is assumed to cost between $1 million and $2 million, then an HCD is required to cost between $10,000 and $20,000 over its lifetime. However, this cost may not be achievable until economies of scale for sensor devices (>1,000 annually) are reached. The capital costs should be less than $1000 at these volumes. Initial HCD costs are expected to be 2-3 times higher.
Requirements Conclusion
Once the application has been defined, a full set of requirements for a single device can be made from a combination of the environmental requirements listed in Table 2 and the performance requirements. The required characteristics will depend heavily on the sampling location. There are trade-offs for detector robustness and scope of the station covered by the detector. Station owners will have to determine a balance between QA/QC measures and HCD costs and integration.
Using the quality function deployment approach, 2 customer needs were mapped into engineering requirements. These requirements are shown in Table 6 . The full diagram is shown in Figure 10 . 
Market Survey
Gas analysis technology is mature and used in many applications. The most widely used techniques can be divided into three broad categories: gas chromatography, mass spectrometry, and optical. In gas chromatography (GC), gas samples are injected into specialized columns where individual constituents are separated and then passed to a detector. The detector analyzes property changes to provide a quantitative result for constituent concentration. The detector can be a number of different technologies such as a thermal conductivity detector (TCD), electron capture detector (ECD), flame ionization detector (FID), pulsed flame photometric detector (PFPD), or pulsed discharge helium ionization detector (PDHID). Most GC columns are optimized for a specific class of chemicals. It is likely that multiple columns will be required for the analysis of multiple contaminants by a single GC, which adds cost and complexity.
A mass spectrometer (MS) can also be used as a stand-alone detector or with a GC if separation of components is necessary for accurate analysis, as is common in complex mixtures. In an MS, a gas is ionized to form particles that are accelerated through a magnetic field. The ratio of the charge of the particles to their mass causes them to change course in the presence of the magnetic field, which can be quantified and used to distinguish the type of particle and its concentration. A stand-alone MS is considerably faster than a GC analysis.
Optical techniques commonly involve applying a radiation source (e.g., a light source) through a gas sample and measuring the transmission or absorption of the radiation. Optical methods are based upon the fact that most gas species absorb radiation at very specific wavelengths and the magnitude of this absorption is proportional to the concentration. Fourier transform infrared (FTIR) spectroscopy is a very common optical technique that can provide both qualitative and quantitative analysis of constituents. Traditional Michaelson FTIR spectrometers use an incoherent broadband thermal emitter as a radiation source and require the use of an interferometer to separate the frequency components of the light into a spectrum. The interferometers typically require more frequent calibration that could significantly increase operation and maintenance costs for this type of technique. Newer laser-based techniques, such as continuous wave cavity ring down spectroscopy (CW CRDS) or tunable diode laser (TDL) spectroscopy, use coherent light sources, whose line widths can be ultra-narrow, overcoming the need for a spectrometer or interferometer and allowing for smaller and more affordable analyzers. The conventional method to perform sensitive laser-based absorption spectroscopy measurements is to increase optical path length by using an optical multipass gas cell. However, such an approach can be difficult to implement in field applications requiring a compact gas sensor system. For example, a typical commercial 100 meter effective path length multipass gas cell has a volume of 3.5 L [10] . An alternative spectroscopic technique to obtain a long optical path is to make the light bounce along the same path between two ultralow-loss dielectric mirrors forming a high finesse optical resonator that behaves as a ring down cavity (RDC). However, all of these infrared (IR) techniques are especially useful because hydrogen does not absorb in the infrared spectrum as it contains no dipole moment, thus it will not create an interfering background.
Knowledge of the current state of the market is critical when considering an HCD for station installation. A study was undertaken by DOE, NREL, Savannah River National Laboratory, and MKS Instruments in 2009 to find technologies capable of analyzing carbon monoxide, hydrogen sulfide, ammonia, carbon dioxide, water, nitrogen, oxygen, and hydrocarbons at ISO CD 14687-2 levels (fully harmonized to SAE J2719) with an allowable error of +/− 10% [8] . The study reached out to GC, MS, and optical companies and asked them to either identify currently available technology or propose how new technology could be developed to meet these requirements.
Equipment proposed ranged from $10,000 to $140,000 with the capacity to measure one contaminant up to all eight. The study showed that no current technology could satisfy the requirements and even future technology would cost more than $40,000 and would be vehicle transportable, meeting only 90% of the requirements. The most promising technology was the prototype hand portable tunable diode laser from Physical Sciences Inc. with a specific contaminant module cost of less than $10,000 achievable in a mature market. The device was specified to measure carbon monoxide, ammonia, carbon dioxide, and water at ISO CD 14687-2 levels.
A study conducted by the CDFA DMS [4] in 2014 analyzed the gaps between the concentration levels required by SAE J2719 and current testing methods and technologies. CDFA DMS attempted to measure all contaminants in hydrogen samples to SAE J2719 levels using numerous GC techniques, ion chromatography, and FTIR spectroscopy technologies. The study found that, due to the stringency of SAE J2719, multiple pieces of technology are necessary to test for all contaminants and "current test methods generally do not have sufficient sensitivity and robustness for the analysis of hydrogen for fuel cells. Therefore, they cannot support regulatory enforcement by the Division. In other cases, there are no existing methods for the analysis of J2719 contaminants in hydrogen gas."
General performance characteristics were accumulated from the CDFA DMS report [4] , the NREL report [8] , and this survey to show typical detector types and their applications, shown in Table 7 . Information from both of the NREL and CDFA DMS studies was used to craft a questionnaire to identify possible technologies that could satisfy the requirements of an onsite HCD. A deeper investigation into some of the previously identified technologies was conducted and more companies were included. The questionnaire was distributed to 18 relevant manufacturers regarding their equipment's ability to meet the requirements of an onsite HCD. Information was sought regarding station integration, contaminant detection, availability, and cost. Responses were evaluated and the top candidates were contacted again to obtain quotes for specific pieces of equipment. The questionnaire and responses obtained are provided in the appendix.
Companies that provided responses to the questionnaire and their respective technologies are:
• Daylight Solutions-TDL
• Hiden Analytical-quadrupole MS (HPR-20)
• California Analytical Instruments-NDIR, FTIR, photo-acoustic, chemiluminescence, paramagnetic
• Power + Energy-GC, concentrator and quadrupole MS (HEMS-M)
• JASCO-FTIR, Raman with multipass optical cell
• CIC Photonics-FTIR/multipass optical cell (Scout, 4Runner, Ranger, CRV)
• Applied Analytics-FTIR, TDL
• Physical Sciences Inc.-TDL
• HORIBA International Corporation-NDIR
• Tiger Optics-CW CRDS
• Aeris Technologies, Inc.-TDL/compact multipass optical cell.
Overall the required process conditions for the analyzers are consistent with a laboratory environment with one exception. The CIC Photonics CRV FTIR unit specifies a maximum pressure of up to 2,000 psig. The maximum pressure requirement for other analysis equipment is less than 500 psig. Typically only a maximum value was specified for process gas temperatures with most technologies listing 40°C. Only the JASCO units specified the ability to handle cryogenic temperatures.
Ambient condition specifications were mostly consistent. Lower temperature specifications ranged from −5°C to 10°C. Upper temperature specifications ranged from 30°C to 50°C. As most of these units are intended for laboratory use, they would need to be equipped with a weatherproof enclosure if located outdoors at a station.
The surveyed analyzers all report results within a 5 minute window, with the exception of the Power + Energy HEMS-M, which specifies a 15 minute analysis time. Results are logged internally and displayed on a local screen. The HEMS-M device has the added benefit of dry contacts for easier interfacing into larger alarm systems; however, this should not be difficult to implement into other devices. All of the technologies, with the possible exception of the CW CRDS (depending on the line width of the laser), will be subject to the effects of multiple contaminants in the process stream. This problem is handled using software to de-convolute the spectral overlaps.
Analyzer accuracy varies for different technologies. Table 8 , reproduced from the CDFA DMS report [4] , shows the experimentally determined minimum detection limit (MDL) of certain contaminants using certain technologies. a J2719 does not include a separate specification for methane. Up to 100 μmol/mol of methane is allowed if no other hydrocarbon is present. If any other hydrocarbon is present, the combined total hydrocarbon limit of 2 μmol/mol applies. b As listed in Table 12 (of the reference DMS study [4] ), each sulfur compound tested had a different MDL. The SAE J2719 maximum concentration of 0.004 ppm is ambiguous since it does not specify a reference compound or response factor to be used in MDL calculations. Therefore, the range of values listed in Table 12 is reported here. These results will be presented to SAE for use in revising the sulfur contaminant specification in J2719. c Because of time limitations, MDL studies for all of the halogenates were not completed. However, the sensitivity of the GC/MS analysis is expected to be adequate to meet the specifications of SAE J2719 for all compounds.
Gas analyzer costs vary significantly. Capital costs for analyzers without integration systems for higher pressures cost from $10,000 to $140,000 largely based on the number of analytes detectable. Often modules can be added for an additional cost to increase the number of analytes the device is capable of detecting. Routine operation of the surveyed technologies will be a significant burden on a station operator. Calibration typically requires a special calibration gas and is either accomplished manually by a trained technician or automatically by special hardware. Many of the technologies require per-fill or daily calibration. Others, such as the Hiden HPR-20 or JASCO FTIR, require monthly calibration, based on manufacturer specifications. The Power + Energy HEMS-M device specifies a calibration interval of every other month, while the Tiger Optics CW CRDS requires no calibration, though a monthly internal self-check routine is recommended. Routine operational costs for all devices surveyed were estimated between $300 and $12,000 per year, depending on the age of the device.
The availability of these technologies was determined. Because 51 stations are open and 49 are in development [9] , the intention of this market survey is to identify technology available today. Vendor responses ranged from "no applicable technology" to "we have a device ready to ship Q1 of 2015 that is intended to test fuel quality at a station". Vendors were asked about future plans for applicable technology. Some plan to develop diode laser technologies further, while most are watching the market before developing anything specific to the HCD application. 
Market Survey Conclusion and Gap Analysis
Large deficiencies remain between the requirements for an onsite HCD and the capabilities of technologies identified in the NREL study, the CDFA DMS study, and this survey. None of the technologies evaluated could fully meet the requirements of an HCD. The main deficiency in the equipment surveyed in the CDFA DMS study and here is the station integration component. Almost all of the gas analyzers with the necessary accuracy that are available today are intended for laboratory use and thus lack the robustness and interface to meet the application. Technology presented in the previous NREL study [8] was at the idea or prototype stage. Follow-up calls were made to three of the most responsive companies at the time, Agilent, Applied Analytics, and Physical Sciences Inc., regarding their responses to the NREL study. None had any current technology that is applicable to an HCD application and thus they are not included in this market survey. Agilent did not indicate that any more developments have been made on the microGC. Applied Analytics stated that their experience from the field has shown that "this technology is not a good fit for our company right now." Physical Sciences Inc. did not believe this application was appropriate for their TDL technology and stated that they were watching the market before deciding on any future developments.
The engineering requirements developed in the quality function deployment (Table 6 ) were compared to the status of the detectors surveyed, and the results are summarized in Figure 9 . Target requirements are shown as blue diamonds, while the ranges of specifications from the market survey are shown as gray bars. The requirement is met by at least one of the technologies where the blue diamond lies inside of the gray bars. If the blue diamond lies outside of the gray bar, then a gap exists between the requirement and the current state of technology. The distance between the edge of the gray bar and the blue diamond indicates the magnitude of the deficiency. Inlet pressure specifications for analyzers are well below what is required at most points in current stations. The only point within a station where gas pressure meets typical analyzer specifications is Location 1 at onsite production (either SMR or electrolysis) stations. If a sample of hydrogen is taken with the surveyed technologies, a pressure regulator, possibly with multiple stages, would be needed. Ambient conditions are also a concern. Electrical systems and housing are not rated for an outdoor station environment. A more robust enclosure could be developed to house the analyzer for additional costs.
The performance characteristics of gas analyzers surveyed were adequate in some cases. TDLbased techniques can detect all of the analytes listed in Table 5 at the required concentration levels. Additionally, FTIR coupled with a multi-pass gas cell and MS with a pre-concentration technique can detect all analytes at the specified concentrations as well. Detection of sulfur and water at the required levels is a problem for most technologies, though the laser-based techniques are able to detect water at much lower levels (ppbv).
Most manufacturers specified response times that meet the requirements of an HCD. Reporting methods and the user interface are a concern though. Many of the technologies have a front panel display that would require a station operator to constantly monitor the device as it operates. Some technologies are accessible via serial or Ethernet connections, but data must be extracted and analyzed. This presents an unacceptable burden on station operators and may also result in a delay in identifying when an out-of-normal situation is detected. The Power + Energy HEMS-M device offers the best solution with dry contacts that actuate in the event of an alarm and could be easily integrated into a station control system, but as mentioned before, this is not a technical challenge and all of the technologies could simply add this feature if specified for the application.
Calibration requirements are another potential burden. The CIC Photonics FTIR units require calibration every time there is a reduction in throughput through the gas cell. Other devices, such as the Tiger Optics CW CRDS, require no calibration, but instead include self-verification capability. This unit could require annual, or more frequent, cleaning or replacement of the cavity optics if the gas stream is contaminated. Additionally, most devices require a reference gas that will need to be obtained and replaced.
None of the technologies surveyed meet the cost requirements for an HCD. Analyzers can be obtained within the $10,000-$90,000 range, yet the operating costs, including training a station operator to use and maintain a device, will exceed the requirement over the life of the device.
The most complete commercial-off-the-shelf technologies that could be used in an HCD application are the Power + Energy HEMS-M device and the Tiger Optics CW CRDS. Neither can meet the environmental requirements of Location 3. Both devices would require the use of a pressure regulator for station integration but could not handle the temperature of gas coming out of the chiller. They are both well suited for the application because of their ability to meet the performance requirements of an HCD for both hydrogen production pathways. These devices are specified to target the required contaminants (with the exception of sulfur for the CW CRDS) and measure at SAE J2719 levels. Operational expenses are low due to self-calibration methods and no required maintenance. The HEMS-M device does not meet the detection time requirement of 1 minute. The CW CRDS can perform one reading per second and thus is a good fit for continuous monitoring. Unfortunately, there is not much available field data validating these technologies in such a setting, although there is an effort (i.e., proposed revision) within the ASTM Committee on Gaseous Fuels, D03, to perform an inter-laboratory study to validate claims for CW CRDS (ASTM D7941-WK47249). Results from field testing these technologies at a station would be highly valuable to the hydrogen industry.
One device that is currently used in the field is the HORIBA GA-360E. Inlet pressure specifications are near atmospheric pressure. It is specified to detect carbon monoxide, carbon dioxide, and methane at the 0.01 ppm level, though it can only measure two of the contaminants per unit. 4 The detection time is less than 3 minutes and alarm levels can be set for concentration levels. The unit does require weekly calibration with a reference gas. The capital cost is not prohibitive at $15,000 per unit, though operating expenses are not known at this time.
A House of Quality diagram ( Figure 10 ) was constructed to succinctly compare the most promising technologies: CW CRDS, MS, MS with concentrator, FTIR, NDIR, and TDL-compact multipass. Customer requirements were matched with engineering requirements to show correlation. The technologies were ranked according to their ability to meet the customer requirements.
Path Forward for Success
This document is intended to be a living set of requirements. As more information becomes available, the set of requirements could change. Important work is currently being undertaken by the SAE J2719/1 Committee to revise the contaminant tables. The industry would benefit greatly from validation tests with the best-suited pre-commercial and commercial technology. It is recommended that DOE and the H2FIRST team work with potential HCD manufacturers to test, validate, and further develop systems for this new application to encourage the rapid deployment of an HCD.
